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I n t r o d u c t i o n
The apparatus described in Part I has been used for tests upon a wide range of materials and lubricants. These experiments showed th at in many cases friction is dependent upon sliding velocity, and therefore th at results obtained at low sliding velocities cannot be applied directly to conditions of high sliding velocity. Accord ingly, an investigation was made into the fundamental causes of change of friction with velocity, with the object of finding some logical basis for the interpretation of low velocity tests.
The friction of any combinations of materials and lubricant has also been found to be influenced by two other variables, namely, surface finish and amount of previous sliding or 'running-in'. These factors affect not only the absolute values of the coefficient of friction, but also the form of the friction/velocity relationships. It has therefore been found convenient to combine with the investigation of change of friction with velocity a limited study of these other variables.
E x p e r i m e n t a l m e t h o d s
The most obvious source of changes in friction with velocity is the existence of three types of friction, dry, boundary and fluid film, for if a partial transition from one to the other occurs as a result of changing velocity, a corresponding change in friction would be expected to result. Consequently, the method of investigation adopted has been to examine the friction of different combinations of m aterials: first, unlubricated; secondly, with very small quantities of lubricant; and thirdly, with excess of lubricant.
The majority of tests have been made with tin-base B abbitt (containing 7 % of antimony and 3| % of copper) running on steel and with hard steel on phosphor bronze, these systems being characteristic of the two types found in practicesoft on hard metal and hard on hard metal. Two other pairs of metals have also been made the subject of a few tests, namely, cadmium-nickel on steel and mild steel on mild steel. The sliders were prepared by dry machining, no further tre a t ment being given. Plates were prepared by grinding with emery cloth, swabbing with caustic soda, washing with distilled water, then isopropyl alcohol, and drying quickly in an oven at 150° C.
Thin films of lubricant were applied to the plate by one of two m ethods:
(1) By deposition from a dilute solution in redistilled petroleum ether. The concentrations of solution were so chosen that 1 c.c. contained sufficient lubricant to leave a layer of approximately known molecular thickness.
Some assumptions were required for this purpose regarding the composition and orientation of the lubricants used, which were oleic acid, medicinal paraffin and I C E. (crankcase) oil. As regards orientation, Adam (1938) has shown th at polar long-chain saturated acids when they form a condensed film on water occupy an area of about 25 sq.A per molecule, and that in this condition the molecules are closely packed with their long chains vertical. Finch & Zahoorbux (1937) have shown th at with long-chain hydrocarbons on a metal surface the molecules are also orientated vertically. It has therefore been assumed that all three lubricants orientate themselves vertically and with a spacing of 25 A per molecule. The average molecular weight of the paraffin and I.C.E. was taken as th at of C18H 38. This is probably considerably on the low side but would to some extent balance the error in estimating the molecular area arising from the presence of naphthenes which would be expected to occupy a greater area than corresponding paraffins.
The methods described could clearly yield only a very approximate figure for the mass of lubricant required for a given molecular thickness, but even a large error would not materially affect the conclusions to be drawn from results. For the sake of convenience, amounts of lubricant added are quoted as calculated molecular thicknesses.
The solutions described above were applied to the plate as evenly as possible from a 1 c.c. pipette, and the petroleum ether allowed to evaporate. An experiment was made to determine the effect of applying a similar quantity of the redistilled petroleum ether alone to a clean plate and allowing to evaporate. The resulting frictional value obtained was th at of the clean plate.
(2) By adding excess lubricant and polishing off first with cotton-wool from which traces of grease had been removed by extraction with benzene then with ether in a Soxhlet apparatus, then with several changes of polishing cloth similarly treated.
Unless otherwise stated, experiments were made at room temperature,' with a normal load of 2 kg. (total) and with a plate finished with an 0 grade emery cloth. Tests were made at five different sliding velocities, namely, 0-0096, 0-0328, 0-122, 0-526 and 2-26 cm./sec. Throughout this paper the coefficients of friction at these velocities will be referred to as /q, /q, /q, /q or /t5 respectively. E x p e r i m e n t a l r e s u l t s A. Unlubricated tests Friction/velocity curves for unlubricated Babbitt/steel, cadmium-nickel/steel, steel/steel and hard steel/bronze are given in figure 1. Curves for fresh surfaces and also after a stated number of revolutions of the plate are shown. I t will be seen that there is no significant change in friction with velocity in the case of hard steel/bronze but for Babbitt/steel and cadmium-nickel/steel (and to a lesser extent for steel/steel) there is a decrease in friction with increasing velocity. The curves for these pairs of materials become almost horizontal after running-in. Three possible explanations of the friction/velocity relationship for these latter materials may be considered.
(1) Bowden, Moore & Tabor (1943) have shown that a direct relationship exists between the observed coefficient of friction and the real area of contact between two surfaces. The real area of contact depends upon the normal load and the stress/ strain characteristics of the two materials, and it is known that the stress/strain characteristic is dependent upon the time factor. I t is possible th at the extent to which the one surface conforms to the changing contour of the other is greater when sliding speed is low than when it is high, so th at the real area of contact, and hence the observed friction, is greater the lower the sliding speed. This effect would be expected to be much greater for the softer materials than for the harder, for the stress/strain characteristics of the former are known to be much more in fluenced by the time factor than are those of the latter. While this explanation is at first sight attractive it leaves out of account the fact, referred to later in detail, that very small quantities of lubricant can com pletely eliminate the n\v slope. If area of contact were the controlling factor, it would be expected to be equally important whether or not the surfaces are lubricated.
(2) Unlubricated friction is commonly believed to be due to the interaction of the surface forces of the two materials . Bowden et (1943) have also shown th at the junctions formed between unlubricated metals may be stronger than the metals themselves, so that shearing occurs in the metals rather than at the junction. This great strength of the junction suggests that very localized regions of solid solution or compound may have formed. For such solid solution or compound to form, diffusion over very small distances is required, in which case time will be a factor in determining the strength of the bond. In this case the greater the rate of sliding the less would be the adhesion between the two materials. While this explanation cannot be wholly discounted, it is difficult to see why the time factor should be important in the case of Babbitt/steel and cadmium-nickel/steel and not in the case of hard steel/bronze.
It has been shown by Bowden & Ridler (1936) th at local high temperatures may be reached during the sliding of two metals, and th at in some cases the tem perature may reach the melting-point of the more fusible material. The greater the rate of sliding, the greater the temperature rise to be expected, for then more work is being done at the point of contact. An increase of temperature would decrease the strength of local welds and so reduce the resistance to sliding; and if this temperature rise were highly localized, there would be no comparable increase in contact area as a result of a reduction in the yield stress of the material. The effect would be much greater for materials of low melting-point than for those of high melting-point. This seems to be the most likely explanation, although it is not immediately obvious why steel/steel should show a reduction in friction with increase of velocity, while hard steel/bronze shows no such effect. The reduction with steel/steel is, however, small, and the greater conductivity of bronze might in its case reduce the effect to insignificant dimensions.
On the basis of this hypothesis the effect of running-in in cancelling the speed effect might be derived from the greater area of contact resultant upon wear, which would decrease the pressure over the contact area, and so reduce the local tem peratures.
On the whole, hypothesis (3) is the most likely of the three, but on the present evidence available it is impossible to choose with certainty between them or to exclude any other possible explanation. In this report a downward slope of the unlubricated /ifv curve will be referred to as the 'dry friction effect', no definite assumption being made as to its exact nature.
B. Tests with lubricant films of varying thicknesses
The usual procedure in these experiments was to place on the prepared plate a '1-molecule' or '2-molecule' film, measure y at all five velocities, then apply increasingly thicker films up to excess of lubricant, measuring at each stage. By the time the last test had been made, the plate had usually made two or three complete revolutions, so results may be slightly affected by running-in effects. Such effects are normally small for such a limited amount of running-in. Plates previously used for 'd ry ' experiments were not, however, used without repre paration, for a single revolution, unlubricated, may exert a considerable influence on the plate.
Results may conveniently be divided into those obtained with the substantially non-polar lubricants-medicinal paraffin and I.C.E.-and those obtained with the strongly polar oleic acid.
Paraffin and I.C.E. Results for Babbitt/steel are shown in figure 2 (with paraffin) and figure 3 (with I.C.E.). The addition of a 2-molecule film of paraffin greatly reduces y below that for the unlubricated surfaces (see figure 1 ) and almost elim inates the downward slope. Increasing the thickness of the paraffin film up to 8 molecules further reduces the coefficient. Between 8 and 20 molecules the curve obtained is constant and has a slight upward slope. With 200 molecules there is a slight reduction in and a considerable reduction in fi §. With 2000 molecules and excess there is no change in but a further reduction in /t5. Thus with increasing thicknesses of lubricant film, the /ijv curve changes in two stages: first a reduction in [i at all velocities and a flattening of the curve fill it becomes horizontal; secondly a reduction in //5, with little or no change in so th at the curve again develops a downward slope. With I.C.E. the results observed are essentially similar, but the two stages appear to have merged, so that the curve never becomes entirely horizontal. It is inter esting to note that under these conditions all the thin-film curves show a minimum at speed 4 (0-52 cm./sec.).
Results for hard steel/bronze with paraffin are shown in figure 4 . In this case with the thinnest films the yjv curve has a marked upward slope, but with in creasing amounts of lubricant it tends to become horizontal. No experiments were made with solvent-deposited I.C.E. The curves for cadmium-nickel/steel with I.C.E. shown in figure 5 are inter esting, in that with thin lubricant films there is a downward slope at the low velocities and an upward slope at the higher velocities, with a minimum at an intermediate velocity.
Kinetic friction in or near the boundary region
With steel/steel and I.C.E. (figure 6) entirely different results were obtained. The y\v curve which is substantially horizontal when the specimens are unlubri cated, develops a marked downward slope with 5-and 10-molecule films, becoming substantially horizontal again with increasing film thickness up to excess. With the much rougher surface obtained by machining, a downward-sloping curve is retained even with excess. The pjv curve with a machined surface and excess of I.C.E. is shown as an interrupted line in figure 6 . Oleic acid. With this lubricant similar effects are observed for Babbitt/steel, steel/steel and for hard steel/bronze (figures 7, 8 and 9 respectively). W ith a 2-molecule film the p/v curves have a marked upward slope. With a 6-there is a slight reduction in p at all velocities, with no slope of the curve. With more lubricant up to excess there is no further change, except th at p at high speed for Babbitt/steel drops slightly.
Discussion
(1) Before proceeding to a general hypothesis interpreting these results, it may be profitable to deal with one observation, which appears curious at first sight. With paraffin and I.C.E., and to a much smaller extent with oleic acid, there are significant differences between values of p observed with different nominal thick nesses of film, over ranges of thickness in which fluid film lubrication is at least very unlikely. I t is considered certain that these differences do not imply th at boundary films between the surfaces can change in thickness according to the Kinetic friction in or near the boundary region 447 P 0-08 v cm./sec. logarithm ic F ig u r e 7, B ab bitt-steel w ith solvent-deposited films of oleic acid. quantity of lubricant present, but that the differences are derived from the method adopted to apply the lubricant. If the lubricant solution were perfectly evenly spread and the surface perfectly flat, then an even film of lubricant should result on the evaporation of the solvent. But the prepared surface has, in fact, hills and valleys of large magnitude in terms of molecular dimensions. When the greater part of the solvent has evaporated, the remainder will tend to collect in the valleys, leaving the hills less well covered. When all the solvent has evaporated the majority of the lubricant molecules will be left in the valleys. This segregation will be opposed by the tendency of the lubricant molecules to attach themselves to the plate surface even while sufficient solvent is present to hold them in solution, which tendency will be large for strongly polar lubricants and small for non-polar ones. Thus when a 2-molecule film is referred to it should be considered to imply that a mass of lubricant sufficient to provide such a film is present, and not th at such a film is actually in being. This explanation is strongly supported by tests with wiped films and with different surface finishes to be dealt with later. The solvent method of applying the lubricant can thus be considered to have achieved its object of providing transition conditions between dry and boundary friction.
(2) The results obtained with Babbitt/steel and paraffin (figure 2) showed th a t changes in the fijv curve with an increasing amount of lubricant take place in two stages. The first stage in which the fi/v curve becomes increasingly horizontal, and the dry frictional properties increasingly masked, is satisfactorily explained by the foregoing hypothesis, and on this basis it appears th at a complete boundary film is established when a nominal 8-molecule layer has been deposited on the plate. The characteristic of the second stage is th at there is little change in with increasing amount of lubricant, but a considerable change in / , up to and beyond a 2000-molecule layer. The same change in /t5 with increasing film thickness is found with Babbitt/steel and I.C.E. (figure 3) and to a considerably less extent with oleic acid. There is also some evidence of such a change with hard steel/bronze and paraffin (figure 4). There can be little doubt th at this second stage effect is due to the onset of fluid film lubrication. Small irregularities in the surfaces provide the opportunity for minute oil wedges to form and support part of the load; the higher the speed the greater is the magnitude of this effect.
This explanation was confirmed by arranging an electrical circuit so th a t a p.d. of 40 fiV was placed between one slider and the plate. A galvanometer in the circuit indicated the current passing. This showed a steady constant deflexion at low velo cities, but with Babbitt/steel and I.C.E. it showed fluctuations at 0-52 cm.sec. which became more marked as the velocity increased.
(3) It has been shown that there are two possible sources of a slope in the /.ijv curve-the properties of the unlubricated system and the transition from boundary to fluid film lubrication. Both, however, result in a decrease in ju, with increasing v, whereas a number of fi/v curves have been obtained showing an increase in / with increasing v. There must, therefore, be some effect which results in a change in the latter direction. It is hardly likely that a transition from fluid to boundary lubrication can occur with increase of velocity, but a transition from boundary to dry friction is much more probable. This latter possibility is suggested by the fact th at for hard steel/bronze and cadmium-nickel/steel thin films of I.C.E. give upward sloping curves, the slope of which is diminished by the addition of more lubricant. This strongly implies a sparse-lubrication effect. It has been shown by Bowden & Leben (1940) by Dacus, Coleman & Roess (1944) and by others th a t a lubricant film is partially destroyed during sliding. Since the specimens are in contact over a finite area, when sliding is taking place under boundary conditions the rear end of each slider must be in contact with a part of the plate from which the lubricant film has partially been removed by contact with the front end. I t is improbable therefore th at a complete film is present during sliding on the whole of the contact area. A higher value of f i than the true one will thus normally be o extent of this increase will depend upon the rate of breakdow n of the lubricant film. It is reasonable to suppose that volatilization and thermal decomposition play a large part in this breakdown, which will therefore be greater as the sliding speed increases. Thus with increasing sliding speed an increasing tendency may be expected for boundary friction to be replaced by dry friction over part of the contact area, and a higher value of y accordingly observed. In this paper the effect will be referred to as the 'film destruction' effect.
(4) To summarize the above hypothesis, it is suggested th at an increase in velocity of sliding may result in :
(i) A decrease in /t due to some effect dependent upon physical properties of the unlubricated system.
(ii) An increase in y due to a transition from boundary to dry friction.
(iii) A decrease in fi due to a transition from boundary to fluid friction. It is quite conceivable that all three effects may occur simultaneously, for the local pressure may vary widely over the contact area. At one point it may be sufficiently high to break down the lubricant film, while at another it is low enough to allow a fluid film to form. The observed curve will be the resultant of the three effects.
(5) Assuming this hypothesis to be substantially correct, consider the effect of adding increasing quantities of lubricant to the three systems Babbitt/steel, steel/ steel and hard steel/bronze, as expressed in figures 2-9.
B abbitt/ steel.With thin films, two tendencies act in opposition and the observed shape of the curve is the resultant of the two. With paraffin the 'dry-friction' effect is predominant with 2-and 4-molecule films, but with 6-20-molecule films the ' dry-friction ' effect and the ' film-destruction ' effect almost exactly cancel each other. With I.C.E. the 'dry-friction' effect predominates, except at the highest velocity, so that a minimum in the curve results. With oleic acid (figure 6) probably owing to the formation of a more complete boundary film, the 'film-destruction' effect predominates, and curves with an upward slope result.
With greater quantities of lubricant, fluid film effects occur with all three lubricants, but especially with the more viscous I.C.E. and paraffin. With paraffin there is little evidence of fluid film effects below 0-12 cm./sec. (speed 3). With I.C.E. such effects certainly occur above this velocity, but it is difficult to decide whether the jijv slope below this velocity is due to fluid film formation or to the remnants of a 'dry-friction' effect. With oleic acid the only evidence of fluid film formation is in the difference at the highest velocity between a 6-molecule film and excess.
Hard steel/bronze.The (ijv characteristics for paraffin and oleic acid are ve similar. With both lubricants, very thin films result in a curve with a marked upward slope (there being no ' dry-friction ' effect to neutralize it). This slope is reduced by increasing the film thickness, possibly because the more complete the boundary film the lower is the temperature at the interface and hence the lower the rate of film destruction. There is little evidence of fluid film formation with this pair of materials, except possibly for fi5 with paraffin, when a 40-molecule film and excess.
Steel I steel. The behaviour of this system with I.C.E. differs from th a t of the others in that the downward slope of the curve, slight for the unlubricated surfaces, is increased by certain conditions of lubrication. These conditions repre sent imperfect boundary lubrication, either by reason of the very small amount of lubricant present or of a very rough finish. (As shown later in this paper, a rough surface predisposes to imperfect boundary lubrication.) It may be th a t the effect of such conditions of lubrication is to enhance the dry friction effect in some way, but it is also possible that with this system there is a fourth source of change of coefficient with velocity, and further investigation of this subject is clearly required.
P. G. Forrester

C. Experiments with rubbed films
A few experiments were made with rubbed films, with the following objects: (а) To examine the hypothesis that incomplete films may result from deposition from solvents, even though sufficient lubricant for a complete film is present.
(б) To obtain confirmatory evidence regarding fluid film formation. (c) To examine whether a rubbed film is identical with one produced by forcing out lubricant under pressure, as occurs in practice.
In the first place, a 2-molecule layer of I.C.E. was deposited on a steel plate, and fi against Babbitt measured. The plate was then rubbed with a degreased cloth and again tested. The results (figure 10) show th at there was a significant fall in implying a better distribution of the lubricant. This tends to confirm the hypo thesis previously stated regarding deposited films.
Secondly, excess of I.C.E. was dropped on to a steel plate and the friction against Babbitt measured. The excess was then removed with degreased cotton wool and polished with several changes of degreased polishing cloth. The friction was again measured (figure 10). There was a rise in //3, /q and /q, but no change in /q and /q.' Excess was again added, and the original curve obtained. This indicates th at with this lubricant there is a tendency to fluid film formation at the higher velocities. This experiment was then repeated with oleic acid, but in this case no change was observed in y at any velocity on substituting a rubbed film for excess. This result may be attributed to two causes. First, the boundary coefficient is lower with oleic acid than with I.C.E., so less difference is to be expected between the friction with a boundary film and th a t with a thin fluid film ; secondly, oleic acid has a lower viscosity than I.C.E., so fluid films will form less readily. A similar experiment was made with hard steel/bronze and I.C.E. The results are expressed in figure 11 . In this case rubbing brings about a significant decrease in y \ the addition of excess to the rubbed film brings about no further change. This experiment demonstrates two things. First, that rubbing can bring about an improvement in the frictional properties of a lubricant film, probably as a result
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of an improvement in its orientation. Secondly, th at the combination hard steel/ bronze/I.C.E. shows (with the specimen geometry used in this apparatus) no tendency to fluid film formation at speeds up to 2-26 cm./sec., whereas with Babbitt/ steel/I.C.E. such a tendency is present at speeds above 0-12 cm./sec. The confirmation given by rubbed-film experiments of the very marked tendency of the combination Babbitt/steel to fluid film formation is of considerable interest. It appears highly probable that this characteristic is responsible for the known good 'anti-friction' properties of white metals as compared with harder alloys, for, as experiments reported here show, the true boundary coefficient of Babbitt/steel is little or no lower than that of hard steel/bronze. A series of experiments was made to determine whether this property is associated with the yield stress of the metal. Sets of sliders were made of pure tin and 1, 2 and 3 % antimony in tin respectively. The alloys were annealed to ensure that those containing antimony consisted of homogeneous solid solutions. These sliders were then tested against a steel plate, firstly with excess of I.C.E. and secondly with a rubbed film of I.C.E. The fijv curves obtained with the different sets of sliders are shown in figure 12. I t will be seen that as the hardness of the sliders increases, the difference between the ji/v curves for excess and for a rubbed film (representing the tendency to fluid film formation) diminishes. In figure 13 the difference between the values of [i$ for excess and for rubbed films is plotted against Vickers Hardness, and a rough corre lation is observable. This relationship is not maintained for the B abbitt sliders (see figure 10 ), which show a difference in /*5 values of 0-052, although their hardness is about 25. This must be attributed to the two-phase structure of this alloy (solid solution + Cu6 Sn5).
The dependence of the fluid film forming ability of a material upon its hardness is probably due to the relationship between real area of contact and yield stress. The area of actual contact which is established between two stationary specimens is also the area over which minute oil wedges can form when the specimens are in relative motion. The greater this area, the greater the number and size of such oil wedges, and hence the greater the proportion of the load they can carry. Thus the lower the yield stress of the softer material of a pair the greater the proportion of the load carried by oil wedges.
The oil pressures in such wedges depend not only upon the speed of sliding but also upon the thickness of the oil film. If one surface is very rough, then high spots will come in contact with the other surface while other parts of the surfaces are separated by an oil film too thick to develop a considerable pressure. Slight surface irregularities are, of course, essential to provide the necessary 'wedges', but rough ness in excess of this requirement will reduce the proportion of the load carried by oil films. Experiments, to be described later in this paper using different surface finishes, show th at this factor has, in fact, a very marked effect upon the coefficient of friction when there is a tendency to fluid film formation. v cm./sec. logarithm ic F ig u r e 12. F ric tio n /v e lo c ity curves w ith ru b b e d film s a n d w ith excess o f lu b ric a n t fo r tin a n d tin alloys co n tain in g 1, 2 a n d 3 % o f a n tim o n y .
V .P.H .
F ig u r e 13. The influence of hardness of homogeneous tin-antim ony alloys on the tendency to fluid film form ation. The difference between fi5 w ith excess of lubricant and w ith a rubbed film is plotted against V .P.H . (1) Running-in with lubricated surfaces
The results so far given for lubricated surfaces all refer to tests made on fresh surfaces, or with hot more than one or two revolutions of the plate, each revolution corresponding to a repetition of sliding over the same track. W ith a lubricant present the effect of one or two revolutions is small, but progressive, and after a considerable number of revolutions becomes very significant. The practice was adopted in each experiment of making all required 'fresh-surface measurements, then allowing the plate to make 160 revolutions at 2-26 cm./sec. (the maximum velocity used) with the customary normal load of 2 kg. and excess of lubricant. The procedure is here referred to as ' running-in ' though the use of this phrase is not intended to imply th at the changes observed are necessarily analogous to those which occur in running-in a bearing.
In all the cases examined, such running-in has been observed to increase the downward slope of the /iff curve. If the curve has initially a downward slope, the effect is to make this slope steeper; if the curve has initially an upward slope, it is made horizontal or given a downward tendency. Usually /q is increased and /q decreased, but this is not invariably the case, for sometimes the general level of the curve is changed.
Some tests were made to find what degree of repreparation was necessary to remove the effects of running-in. In figure 14 , fijv curves for Babbitt/steel with excess of paraffin are shown. Curve A was obtained initially, curve B after 160 revolutions. It will be seen th at running-in has greatly increased /q while /q is unchanged. The plate and sliders were then rinsed thoroughly with petroleum ether and dried. A 20-molecule film was then placed on the plate and a further test made (curve G). /q has dropped, but /q has increased, since fluid film formation is now restricted. Excess of lubricant was then placed on the plate and curve D obtained. This curve shows that a substantial change in the f i j vc urve solving off the lubricant and replacing with fresh. Lastly, the plate was reprepared in the usual way, excess paraffin added and curve E obtained, substantially the same as with fresh sliders. A second and similar experiment showed th a t the original 'fresh-surface' curve could be partly restored by rubbing the plate hard with a polishing cloth.
Similar effects were observed with hard steel/bronze and I.C.E. In figure 15 curve A is the initial curve, and curve B th at after 160 revolutions. The plate was then rubbed hard (circumferentially) with polishing cloth, and curve C (similar to curve A) obtained. If instead of rubbing the plate, the old lubricant is dissolved off and replaced by fresh, a curve intermediate between A and B results.
These tests demonstrated that the 'running-in' effect is partly at least attrib u t able to changes in the lubricant film, since initial values of // can be partially or completely restored by operations which cannot substantially affect the metal surfaces. In the case of hard steel/bronze, rubbing with a cloth can almost com-pletely restore initial values of y ( figure 15, C) , but with Babbitt/steel, the curve obtained after such rubbing is still significantly different from th a t obtained initially. I t is probable th at in the latter case some change in the metal surfaces is also involved, possibly transfer of B abbitt to the steel plate. The reduction in which frequently occurs on running-in can be satisfactorily explained by the flattening of the sliders by wear, which provides greater oppor tunity for fluid film formation. The tendency for y x to be increased cannot be thus explained. Two experiments were therefore made to determine whether this increase was connected with the sliding velocity during running-in. The systems used were hard steel/bronze/I.C.E. and Babbitt/steel/I.C.E., and both were tested before and after running-in at 0-01 cm./sec. Results are shown in figure 16 . With Babbitt/steel (curves X and Y) the effect of running-in is much the same as at the normal velocity (2-26 cm./sec.), but with hard steel/bronze (curves A and B) the effect is entirely different. In place of the increase in {ix and decrease in there is a decrease in ju at all velocities. I t appears therefore th at in the case of hard steel/ bronze, the effect of running-in at /i5 is so to influence the lubricant film, possibly by changing its molecular orientation, that its low-speed frictional properties are adversely affected. It may be noted th at this is the only case th at has been observed of a change in coefficient with velocity not attributable to transition from one type of friction to another. r cm./sec. logarithm ic (2) Surface finish
Kinetic friction in or near the boundary region
The standard surface finish of the plate was th at given by an 0 grade emery cloth. A few experiments were also made with plates finished by means of a 1 grade emery cloth, and one isolated test was made with a plate polished on a buffing wheel to a mirror finish.
With unlubricated surfaces no significant difference was found between curves obtained with a 1 emery finish and those with an 0 emery finish, either for B abbitt/ steel or for hard steel/bronze. The two curves for Babbitt/steel are shown in figure 17 .
With Babbitt/steel lubricated with paraffin, the surface finish was found to exercise a considerable influence. Figures 18 and 19 show the curves obtained for this system with different thicknesses of lubricant film, figure 18 with a polished plate and figure 19 with a 1 emery finished plate. (Results for the standard finish were given in figure 2 ). W ith a polished plate, the two stages of change in the yjv curve are clearly separated. Stage 1 is complete when a 6-molecule film is present, and stage 2 commences with a 12rmolecule film, a thinner film than th at required with the standard finish. This is in accord with the hypothesis th at stage 2 is the result of a transition from boundary to fluid film lubrication, for a smooth surface Kinetic friction in or near the boundary region 0 emery 1 emery v cm./sec. logarithm ic With oleic acid as lubricant, surface finish has l^ss effect on the fi/v curves for Babbitt/steel. Figure 21 shows /ijv curves for this system initially and after 160 revolutions for standard and 1-emery finished plates with excess of oleic acid. There is no significant difference in the initial results, but running-in causes a greater rise in y in the case of the 1-emery finish. With hard steel/bronze, surface finish of the plate has less influence than with Babbitt/steel. With both paraffin and oleic acid as lubricants the rougher surface yields rather higher values of yb oth initially and after 160 revoluti for two different finishes, with paraffin as lubricant,-are shown in figure 22 .
Since surface finish has no influence on the friction of the unlubricated surfaces, its influence on lubricated surfaces must be due to an effect on the nature of the lubricant film. In the first place a rough surface may be expected to delay the onset of fluid film lubrication. This effect has been observed by Beeck, Givens & Smith (1940) , who showed, by means of the four-ball top apparatus, th a t a polished surface is much more conducive to fluid film formation than a rough one. In addition Lewis (1940) has shown that the minimum point of the /i: -curve for a journal bearing is reduced by improved surface finish. Thus when the conditions of speed, pressure and lubricant viscosity are such th at some degree of fluid film formation is possible (as with Babbitt/steel, I.C.E. and higher velocities), lower values of fi should be observed with smoother surfaces. Examination of the re recorded shows that this is, in fact, the case. The results also show, however, th a t the surface finish also exerts an influence under conditions when fluid films are substantially absent (e.g. at the lowest velocity). A possible reason for this is suggested by the observation of Finch & Zahoorbux (1937) th a t the perfection of orientation of the hydrocarbon film on copper is greatly influenced by the surface finish of the copper. This explanation is supported by the fact th a t is much more influenced by surface finish with the essentially non-polar lubricants paraffin and I.C.E. than with the strongly polar oleic acid. The non-polar molecules must be orientated by reason of lateral forces, whereas polar molecules are orientated by the attraction for the metal surface of the polar end-group. The latter form of orientation is likely to be much more capable of resisting the disturbing action of an uneven surface than the former.
If this explanation is the true one, the relative insensitivity of hard steel/bronze to the surface finish of the latter material may possibly be explained by the fact that its surface contour at the region of contact will, in any case, largely be controlled by the finish of the steel, which is the harder material.
P. G. Forrester
S u m m a r y o f r e s u l t s a n d c o n c l u s i o n s
The observed coefficient of friction for a given combination of materials and lubricant depends upon:
(1) Sliding velocity
The systems examined have all shown marked changes in friction with velocity between the limits 0-01-2*25 cm./sec. These changes may be derived from a t least three sources.
(a) From the properties of the clean metal surfaces. Certain combinations of materials show a decrease in friction with increasing velocity when unlubricated. The physical property or properties controlling this tendency have not yet been definitely identified but the fact that the tendency is most marked when one component is a soft metal of low melting-point suggests th at it may be associated with reduction in shear strength of the metal with increasing temperature.
(b) From the transition from boundary to fluid film conditions. This tendency is also most marked when one component is a soft metal, in which case the real area of contact is greater and the local pressures lower than for two hard metals. It results, of course, in a decrease of friction with increasing velocity.
(c) From some factor present under boundary conditions which makes for an increase in friction with increasing velocity. There is evidence to suggest th at this increase is due to a partial destruction of the boundary film, the rate of which destruction rises with increasing sliding speed.
(2) Quantity and method of application of lubricant When insufficient lubricant is present for a complete boundary film to be formed, frictional characteristics intermediate between dry and boundary conditions are found. On the other hand with excess of lubricant, fluid films may tend to form. There is evidence th a t the frictional properties of lubricant films produced by rubbing differ from those of films produced by squeezing out excess under pressure.
Running-in brings about changes in the physical condition and geometry of the metal surfaces and also in the state of the lubricant film. In some cases, a change in the metal surfaces, possibly transfer of material, causes an increase in friction, but this may be offset as regards the higher velocities by more favourable con ditions for fluid film formation resulting from a flattening of the sliders by wear. Running-in at a high velocity has been shown in one instance so to influence the lubricant film as to increase the low-velocity friction.
(4) Surface finish
For the combinations of metals tested, the influence of surface finish is wholly through its effect on the lubricant film, for the friction of the unlubricated surfaces is not dependent on surface finish. First, a rough surface delays the onset of fluid film conditions. Secondly, a substantially non-polar lubricant forms on a rough surface a boundary film less effective than on a smooth surface. I t is suggested th at this may be because the rough-surface film is less perfectly orientated. Thirdly, the effect of running-in on the lubricant film is much greater when the plate surface is rough than when it is smooth.
The surface finish of the plate has much more influence in the combination Babbitt sliders/steel plate than in the combination hard steel sliders/bronze plate. This is not unexpected, for in the latter case the contour of the contact area will be controlled by that of the steel surface rather than by th at of the bronze. In considering circumstances in which boundary lubrication may occur in practice, two distinct cases are to be considered. First, the fluid film may be absent because the balance between supply and loss of lubricant is such th at insufficient lubricant is present to maintain such a film. Such circumstances may occur, for example, in a badly designed bearing, in which oil escapes from regions of high pressure by oil grooves, or in any sliding mechanism which has no positive mechanical oil feed. The factors which are then important are the boundary coeffi cient of friction and the resistance of the boundary film to breakdown during sliding. The latter property has been tested directly by Dacus, Coleman & Roess (1944) , and could also be tested directly with the Tin Research Institute apparatus. On the present hypothesis some indication of this property may be obtained from the tendency of the /ijv curve to show an upward slope. For example, oleic acid has a much greater tendency than have paraffin or I.C.E. to give jijv curves with an upward slope, and may therefore be no better as a lubricant under conditions of sparse supply, even though its boundary coefficient is lower.
Secondly, boundary lubrication may occur as a result of high local pressures, low sliding speeds and low lubricant viscosity, under conditions of ample supply of lubricant. The conditions giving rise to boundary lubrication with ample lubricant present have been shown by the experiments described to vary widely with different materials. With Babbitt sliding on steel at 2-26 cm./sec. fluid film forma tion reduces the observed coefficient to about one-third of its 'boundary' value, whereas with hard steel on bronze no fluid film formation is observable at this velocity. The capacity of a pair of materials to form a fluid film may well be a much more important property than their boundary coefficient in many practical circumstances. A high capacity for fluid film formation narrows the range of operating conditions under which boundary friction and consequent damage to the surfaces can occur. The present work has been mainly concerned with two very different pairs of materials, but the same or a similar technique might well yield valuable comparisons between different bearing materials, and also serve to indicate the degree of importance to be attached to other variables, e.g. surface finish.
Under conditions of ample lubrication, it is doubtful if the resistance of the boundary film to breakdown is a very important factor, for areas of real contact between sliding surfaces are usually very small, so ample opportunity is afforded for film repair.
In both circumstances, sparse or ample lubrication, the effect of running-in on the properties of a combination of materials and lubricant are important as regards both effect upon lubricant film or upon the surfaces.
It appears, therefore, that the frictional properties of a combination of materials can be defined by the following:
(1) The unlubricated /i/v curve for the two materials. (2) The resistance to breakdown of the boundary film. ((1) and (2) are only of importance with sparse lubrication.) (3) The low-speed value of /i,representing an approxim dary coefficient of friction.
(4) The effect of running-in on the low-speed value of fi, and whether this is due to change in lubricant film or to an effect upon the materials. In the former case the increase is only im portant when high-speed sliding is succeeded by lowspeed. In the latter case, a change corresponds to a change in the true boundary coefficient.
(5) The tendency to fluid film formation (this might be defined by the sliding velocity at which fluid film effects become apparent with a given specimen geo metry) and the effect of running-in upon this tendency.
(6) The effect of surface finish upon the low-speed value of y and upon the transition from boundary to fluid film lubrication. The relative importance of these effects will depend upon the practical circumstances.
